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Auditory information is initially processed in the cochlear nuclei before being relayed to the brain. The
cochlear nuclei are subdivided into dorsal, anterior ventral, and posterior ventral domains, each con-
taining several subtypes of neurons that are thought to play discrete roles in the processing of sound.
However, the ontogeny of these neurons is poorly understood, and this gap in knowledge hampers ef-
forts to understand the basic neural circuitry of this nucleus. Here, we reveal that Bhlhb5 is expressed in
both excitatory (unipolar brush cells) and inhibitory neurons (cartwheel cells) of the DCN during de-
velopment. To gain genetic access to Bhlhb5-expressing neurons in the DCN, we generated a Bhlhb5::ﬂpo
knockin allele. Using an intersectional genetic strategy, we labeled cartwheel cells, thereby providing
proof of concept that subpopulations of Bhlhb5-expressing neurons can be genetically targeted. More-
over, fate-mapping experiments using this allele revealed that Bhlhb5 is required for the proper devel-
opment of the DCN, since mice lacking Bhlhb5 showed a dramatically diminished number of neurons,
including unipolar brush and cartwheel cells. Intriguingly, the Bhlhb5::ﬂpo allele also genetically labels
numerous other regions of the nervous system that process sensory input, including the dorsal horn, the
retina, and the nucleus of the lateral olfactory tract, hinting at a more general role for Bhlhb5 in the
development of neurons that mediate sensory integration.
& 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The dorsal cochlear nucleus (DCN) is a brainstem auditory
nucleus where acoustic information is ﬁrst processed and in-
tegrated with somatosensory and cochlear input. One of the
functions of this nucleus is to help localize sound in the vertical
plane so that an organism can determine whether the acoustic
source is from above or below, thereby helping an organism evade
predators or locate prey. In addition, the DCN may also contribute
to our experience of painfully loud sound, an aversive sensation
that evolved to protect hearing from acoustic assault. When
acoustic damage occurs repeatedly, this trauma can cause ringingInc. This is an open access article u
logy, University of Pittsburgh,in the ear due to the false perception of sound, a pathological
condition known as tinnitus (Axelsson and Ringdahl, 1989; Shar-
gorodsky et al., 2010; Maes et al., 2013). Importantly, recent stu-
dies suggest that tinnitus is caused, at least in part, by hyper-
activity within the dorsal cochlear nucleus due to decreased in-
hibition (Wang et al., 2009, 2011; Middleton et al., 2011). These
physiological and pathophysiological roles underscore the im-
portance of understanding the neural circuitry of the DCN, which
remains poorly deﬁned. In this regard, the development of tools
that allow cell type-speciﬁc genetic control would be extremely
useful.
Elegant fate-mapping studies have revealed that the DCN arises
largely from progenitors within rhombomere 5 of the auditory lip
(Farago et al., 2006; Nichols and Bruce, 2006). These neurons
migrate to form a laminar structure comprised of three layers: the
molecular layer, the fusiform cell layer, and the deep layer (Osen,nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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layers, there are eight major morphological classes of neurons that
have been identiﬁed. Previous work has revealed that the ex-
citatory subtypes (granule cell, unipolar-brush cells, giant cells,
and fusiform cells) arise from Atoh1-expressing progenitors,
whereas the inhibitory subtypes (golgi cells, superﬁcial-stellate
cells, cartwheel cells and tuberculo-ventral cells) arise from Ptf1a-
expressing progenitors (Fujiyama et al., 2009). However, the
transcriptional programs within the DCN that mediate terminal
differentiation and neuronal connectivity are poorly understood.Fig. 1. Bhlhb5 is expressed in the dorsal cochlear nucleus during development. (A-D) C
Bhlhb5 (red), Pax2 (blue) and Pax6 (green), as indicated. All Bhlhb5-expressing cells eit
molecular layer; FL, fusiform layer; DL deep cell layer. (E) Coronal brain hemi-section s
cerebellum. (F) Quantiﬁcation of the number of Pax2-expressing cells that do (pink) or d
(G) Quantiﬁcation of the number of Pax6-expressing cells in the DCN that do (orange) or
relatively low level of Pax6 expression and also co-expressed Tbr2 (data are average
antibodies directed against Bhlhb5 (red), CamKIIα (green) and Tbr2 (green) as indicated.
bar ¼100 mm; inset scale bar ¼50 mm. All images are single confocal optical sections.To determine what role these different cell types play in the
function of the DCN, we need tools that allow cell-type speciﬁc
genetic manipulation. We ﬁnd that a key factor in the develop-
ment of the DCN is Bhlhb5 (also known as Bhlhe22), a basic helix-
loop-helix transcription factor that is related to Atonal (Ross et al.,
2003). In many regions of the nervous system, Bhlhb5 is selec-
tively expressed in early post-mitotic neurons as they undergo
terminal differentiation and establish synaptic connections (Ross
et al., 2010). Using genome-wide CHIP-seq analysis, we previously
showed that Bhlhb5 binds to a speciﬁc DNA consensus motiforonal section from mouse at P8 immunostained with antibodies directed against
her express either Pax2 or Pax6. Scale bar ¼100 mm; inset scale bar ¼20 mm; ML,
tained with Bhlhb5; boxed inset of DCN is shown in A-D. Scale bar ¼500 mm; cb,
o not (blue) co-express Bhlhb5 from E14.5 – P16 (data are average þ/ SEM, n ¼3).
do not (green) co-express Bhlhb5 from E14.5–P16. Bhlhb5-expressing cells showed a
þ/- SEM, n ¼3). (H-I) Coronal section from mouse at P16 immunostained with
Boxed area is shown in insets (H: molecular layer; I: fusiform-deep cell layers). Scale
X. Cai et al. / Developmental Biology 414 (2016) 149–160 151(CATATGNTNT), which contains a canonical E-box (underlined). In
addition, we provided evidence that Bhlhb5 recruits a speciﬁc PR/
SET domain containing co-repressor, Prdm8, to mediate the re-
pression of its target genes (Ross et al., 2012). Thus, Bhlhb5 is a
neural-speciﬁc transcriptional repressor that is predominantly
expressed during development.
At the cellular level, Bhlhb5 has been shown to be important
for the proper development and/or survival of a number of neural
cell types. For instance, Bhlhb5 is required for the survival of a
population of inhibitory neurons in the dorsal horn of the spinal
cord that function to inhibit itch (Ross et al., 2010; Kardon et al.,
2014). Bhlhb5 is also expressed during the development of ex-
citatory neurons in the dorsal telencephalon, where it shows an
area-speciﬁc pattern of expression (Joshi et al., 2008; Ross et al.,
2012). Loss of Bhlhb5 results in an almost complete absence of
major axon tracts in the telencephalon including the corpus col-
losum, hippocampal commissure, anterior commissure, and the
corticospinal tract (Ross et al., 2012). Finally, Bhlhb5 has been
shown to play an important role in the development of the retina,
where it is expressed in both type II cone bipolar cells and a
speciﬁc subset of amacrine cells (Feng et al., 2006). These ex-
amples highlight the idea that Bhlhb5 plays a key role in the de-
velopment of neurons in which it is expressed. However, the ex-
pression of Bhlhb5 in many regions of the nervous system is
poorly characterized, and its possible function in these regions is
unknown.
Here, we show that Bhlhb5 is expressed in a subset of DCN
neurons during its development, including unipolar brush cells
and cartwheel cells. To gain genetic access to these cells, we
generated a Bhlhb5::ﬂpo allele, and ﬁnd that this allele causes re-
combination in subsets of Bhlhb5-expressing neurons. Using this
allele, we compare the efﬁciencies of Cre and Flpo in a mouse. In
addition, we show that the Bhlhb5::ﬂpo allele can be coupled with
other Cre lines to mark neurons at the genetic intersection, as il-
lustrated by the targeting of cartwheel cells. Finally, our fate
mapping studies reveal that Bhlhb5 is a critical factor in the on-
togeny and survival of DCN neurons, which show dramatic re-
duction in cell number in its absence. In addition to marking cells
within the DCN, the Bhlhb5::ﬂpo allele described here may be a
useful tool for the study of sensory integration in other regions of
the nervous system, such as the retina, the dorsal horn, and the
nucleus of the lateral olfactory tract.2. Methods
2.1. Animal husbandry
Bhlhb5::cre mice (also called Bhlhb5-cre) and Bhlhb5 null mice
were generated as previously described (Ross et al., 2010) and
were maintained on a mixed C57bl/6.129J background. Bhlhb5::ﬂpo
mice were generated as described below and genotyped using the
following primers: F: GGTGAATCCAAGCAAGATAAACGG; R:
CAGCACAGGTAGGTCAGCTC.
RCE::dual mice were obtained from Gordon Fishell (Sousa et al.,
2009). RCE::FRT and RCE::LoxP mice were obtained by mating RCE::
dual mice with either EIIa-cre mice (Jackson Labs) or ROSA26Flpo
mice (Jackson Labs), respectively. Mice were given free access to
food and water and housed under standard laboratory conditions.
The use of animals was approved by the Institutional Animal Care
and Use Committee of the University of Pittsburgh.
2.2. Generation of Bhlhb5::ﬂpo knockin mouse
Targeting vectors were constructed from 129s6/SvEvTAC mouse
genomic fragments, which were ampliﬁed by PCR and sequenced.For the Bhlhb5::ﬂpo knockin construct, the coding region of the
Bhlhb5 gene was replaced with the coding region for Flpo re-
combinase by fusion PCR, which was conﬁrmed by restriction di-
gest and sequencing. The fusion product was then introduced into
a targeting vector that contained 5′ and 3′ homologous arms. In
addition, the construct featured a LoxP-ﬂanked PGK-neomycin
positive selection cassette (Neo) downstream to the 3′UTR, as well
as a diptheria toxin negative selection cassette (DTA) 3′ to the
genomic fragment. The targeting construct was directly sequenced
in its entirety prior to its use in gene targeting. Linearized tar-
geting vectors were then electroporated into sv129 mouse ES cells,
and G418-resistant clones were screened for homologous re-
combination at the Bhlhb5 locus by PCR. Primers were used to
amplify the 5′ arm (F: TAAAAGACCCGTCCCTTGTG and R:
GTTCACGATGTCGAAGCTCA) and the 3′ arm (F: GGGGAACTTCCT-
GACTAGGG and R: CTTGTGAAGCCTGCAAAACA). Two positive
clones were transfected with a Cre recombinase-expressing plas-
mid, and proper removal of the LoxP-ﬂanked neomycin cassette
was conﬁrmed by PCR. Conﬁrmed ES cells were injected into
C57BL/6 blastocysts and implanted into pseudopregnant females
to generate chimeric offspring. More details are available upon
request.
2.3. Immunohistochemistry
For immunocytochemistry, post-natal mice were ﬁxed with 4%
paraformaldehyde in PBS by intracardial perfusion and brains and/
or spinal cords were dissected; embryonic mice were drop ﬁxed.
Tissues were post-ﬁxed for 1 h to overnight at 4 °C, washed ex-
tensively with PBS, cryopreserved in 30% sucrose in PBS overnight,
embedded in OTC, and frozen. Sections were cut at 20 mm on a
cryostat and placed on slides. For immunostaining, sections were
blocked in 10% goat serum and 0.25% triton-X in PBS for 1 h at RT.
Sections were incubated with primary antibodies in block over-
night at 4 °C. Slides were washed 45 min in PBS containing 0.1%
triton-X. Detection was carried out using Alexa-ﬂuor secondary
antibodies diluted 1:500 in blocking solution. Sections were
counterstained with the nuclear dye Hoechst 33342 (1:10,000) for
one minute at room temperature. Sections were washed, as above,
and coverslipped. The primary antibodies used were: chicken anti-
GFP (1:2000, GFP-1020, Aves, Tigard OR), rabbit anti-GFP (1:2000,
A11122, Life technologies, Grand Island, NY), rat anti-Bhlhb5
(1:2000, Ross et al., 2010), mouse anti-NeuN (1:1000, MAB 377,
Millipore, Billerica, MA), mouse anti-Pax6 (1:200, DSHB, Iowa City,
IA), rabbit anti-Pax2 (1:1000, 71–6000, Life technologies, Grand
Island, NY), mouse anti-CamKIIα (1:500; 05–532 EMD Millipore,
Billerica, MA), rabbit anti-Tbr2 (1:2000; generous gift from Robert
Hevner (Englund et al., 2005)) and mouse anti-parvalbumin
(1:1000, MAB1572, Chemicon).
2.4. Imaging
All sections reacted with ﬂuorescent antibodies were examined
with either a Nikon A1R confocal microscope (Nikon; Tokyo, Ja-
pan) or an Olympus BX53 ﬂorescence microscope (Olympus; To-
kyo, Japan). Images from confocal microscope were generated by
single focal plane observation through a 10x, 20x, or 60x oil-im-
mersion lens.
2.5. Quantiﬁcation of cells in DCN
To generate control Bhlhb5ﬂpo/þ and Bhlhb5ﬂpo/ mice for
quantiﬁcation of neurons in the DCN, heterozygous Bhlhb5ﬂpo/þ;
RCEFRT/FRT were mated with heterozygous Bhlhb5 null mice and
littermate offspring were used for analysis. Pairs of littermate mice
were perfused and the brains were sectioned in the coronal plane.
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(such that sections on a given slide are 200 mm apart). Sections
were co-stained with antibodies to GFP and NeuN and counter-
stained with Hoechst. Sections from each pair were matched
based on landmarks. The sections containing the largest segment
of the DCN were imaged on a confocal microscope using a 60x
objective, and images (at least 44) were stitched together to give
a image containing the entire DCN. The DCN was outlined using
Nikon software and the number of cells in each channel was
quantiﬁed by a person who was blind to genotype.3. Results
Bhlhb5 has been found to play a key role in the development of
every neuronal subtype that has been examined in detail thus far
(Feng et al., 2006; Joshi et al., 2008; Ross et al., 2010; Ross et al.,
2012). We therefore set out to perform a more thorough char-
acterization of its expression pattern using immunohistochemical
analysis throughout embryonic and early post-natal development.
For these studies, we used Bhlhb5-directed antibodies that we had
previously generated and validated in Bhlhb5-/- mice (Ross et al.,
2010). While numerous regions of the nervous system showed
transient expression of Bhlhb5 during embryonic development,
the DCN stood out due to prolonged expression of Bhlhb5 in the
post-natal mouse and a high prevalence of Bhlhb5-expressing
neurons within this nucleus. Bhlhb5 is ﬁrst detectable in the de-
veloping dorsal cochlear nucleus at E12.5 where it is expressed at
low levels in newly post-mitotic neurons (data not shown). Co-
staining experiments reveal that Bhlhb5 is co-expressed with the
neuronal marker, MAP2, but not astrocyte marker, ALDH1L1, or the
oligodendrocyte marker, Olig2 (Fig. S1). We found that all Bhlhb5-
positive cells co-stained with either Pax2 or Pax6 during early
postnatal development (e.g., P8), and these two populations were
found to be completely non-overlapping (Fig. 1A–D). We therefore
used these markers to do a time-course analysis of Bhlhb5 ex-
pression. These efforts revealed that there is an early phase of
Bhlhb5 expression, peaking at P0, in which Bhlhb5 is pre-
dominantly co-expressed with Pax2 (Fig. 1F). In contrast, from P8–
P16 the majority of Bhlhb5-positive cells co-express Pax6 (Fig. 1G).
These ﬁndings suggest that there are two overlapping waves of
Bhlhb5 expression in at least two distinct cell types.
Next, we investigated the identity of the Pax2- and Pax6-ex-
pressing subsets of Bhlhb5 neurons in the DCN. Many of the Pax2-
positive subset co-expressed CamKIIα, a marker of cartwheel cells
(Ochiishi et al., 1998; Takaoka et al., 2005). In particular, at P16
almost all Bhlhb5-expressing cells in the molecular cell layer co-
label with CamKIIα (Fig. 1H). In contrast, the majority of Bhlhb5-
expressing cells in the fusiform layer co-stained with Pax6
(Fig. 1D). Although, Pax6 is frequently used as a marker of granule
cells, we had reason to suspect that the Pax6-expressing subset of
Bhlhb5 neurons were not granule cells. Speciﬁcally, these Bhlhb5-Fig. 2. Generation of a Bhlhb5::ﬂpo knockin mouse. (A) Targeting strategy to replace the
indicated with arrows and dark shaded regions within rectangles for Bhlhb5 (blue) and
with black bars. Neo, neomycin positive selection cassette; DTA, diphtheria toxin negative
and 3′ arms. PCR products of appropriate size are observed upon screening clones 59 and
of neomycin (pre-cre) and after (post-cre). A larger PCR product is observed upon remova
targeted allele. Genotyping of genomic DNA isolated from tails of mice that are wild type
copy of the Bhlhb5::ﬂpo allele and one copy of the Bhlhb5 null allele (Flpo/) shows PCR
and the coding region of either the Bhlhb5 gene of the ﬂpo recombinase gene. (E) Imm
hippocampus from heterozygous mice with one copy of the Bhlhb5::ﬂpo allele (Bhlhb5ﬂpo
allele (Bhlhb5ﬂpo/-) shows the loss of Bhlhb5 protein in the hippocampus of Bhlhb5ﬂpo/ m
locus. Scale bar ¼50 mm (F) Immunohistochemical analysis of sagittal sections from a Bhlh
recombination has occurred. Arrow indicates the DCN as well as the granular cell doma
cell domain showing numerous cells expressing GFP (green) and Bhlhb5 (red) as indicapositive cells were found exclusively in the fusiform layer and
deep layers and expressed lower levels of Pax6 relative to the
presumptive granule cells in the molecular layer (Fig. 1C and D).
Given their location, we hypothesized that these small cells within
the fusiform cell and deep layers might be unipolar brush cells.
Consistent with this idea, we found that all cells that co-express
Bhlhb5 and Pax6 also express Tbr2 (Fig. 1I), a marker of unipolar
brush cells (Dino and Mugnaini, 2008). Taken together, these data
indicate that Bhlhb5 is expressed in the DCN during embryonic
and post-natal development, where it is expressed by Tbr2-posi-
tive unipolar brush cells as well as in Pax2-positive neurons that
include cartwheel cells.
Since Bhlhb5 is widely and persistently expressed in the DCN,
we hypothesized it is important in the development and function
of this nucleus. To visualize and manipulate Bhlhb5-expressing
cells in the DCN and elsewhere in the nervous system, we gener-
ated a Bhlhb5::ﬂpo knockin allele in which the recombinase Flpo
was targeted to the endogenous Bhlhb5 locus. Speciﬁcally, we
precisely replaced the coding region of the Bhlhb5 gene with that
of Flpo recombinase (Fig. 2A). (Flpo is a codon-optimized and
thermostable derivative of Flp that has been optimized for high
activity in mammalian cells (Dymecki et al., 2010)). To screen for
ES cells in which homologous recombination had occurred, we
used a PCR-based approach to amplify the 5′ and 3′ arms (Fig. 2B).
Upon identiﬁcation of correct clones, we removed the neomycin
selection cassette via Cre-mediated excision (Fig. 2C). Routine
genotyping by PCR gave rise to products of the anticipated size in
wild-type, heterozygous, and Bhlhb5::ﬂpo mutant mice (Fig. 2D).
To further validate that Flpo was targeted correctly to the en-
dogenous locus, we performed immunohistochemical analysis of
hippocampal sections from mice that were either heterozygous for
Bhlhb5::ﬂpo (Bhlhb5ﬂpo/þ) or Bhlhb5::ﬂpo mutant mice
(Bhlhb5ﬂpo/). As expected, whereas robust expression of Bhlhb5
was observed in the hippocampus of heterozygous mice,
Bhlhb5ﬂpo/ mutant mice showed no Bhlhb5 expression (Fig. 2E).
Together, these ﬁndings indicate that the Bhlhb5::ﬂpo line is a true
knockin into the endogenous Bhlhb5 locus that abrogates Bhlhb5
expression.
To investigate whether the Bhlhb5::ﬂpo causes recombination
in Bhlhb5-expressing cells, we crossed mice with the Bhlhb5::ﬂpo
allele with mice harboring the RCE::FRT reporter. This particular
reporter is one in which the Gt(ROSA)26Sor locus is targeted with a
CAG promoter, driving the expression of eGFP following a STOP
sequence that is ﬂanked by FRT sites (Sousa et al., 2009). Im-
munohistochemical analysis of sections from double transgenic
Bhlhb5::ﬂpo; RCE::FRT mice at P8 revealed widespread expression
of eGFP in the hippocampus and the cortex—a pattern that
faithfully recapitulates the expression pattern of Bhlhb5 in post-
natal mice (Fig. 2F). Importantly, we also saw extensive Flpo-
mediated recombination within cells of the DCN (Fig. 2G). This
recombination was largely selective to this nucleus, since there
was very little recombination in either the anteroventral orBhlhb5 open reading frame with that of ﬂpo recombinase. Open reading frames are
Flpo (green). LoxP sites are indicated with black triangles. PCR products are marked
selection cassette. (B) PCR-based screening for homologous recombination at the 5′
60. (C) PCR analysis of DNA fromWT control, clone 59 before cre-mediated removal
l of neomycin due to additional bases associated with the remaining LoxP site in the
(þ/þ), heterozygous for the Bhlhb5::ﬂpo allele (Flpo/þ), or mutants harboring one
products of the expected size. This PCR ampliﬁes the junction between the 3′ UTR
unohistochemistry for Bhlhb5 (red) or NeuN (magenta) in coronal sections of the
/þ) or mutant mice with one copy of the Bhlhb5::ﬂpo allele and one copy of the null
ice, indicating correct targeting of the Bhlhb5::ﬂpo allele into the endogenous Bhlhb5
b5::ﬂpo; RCE::FRTmice at P8 using antibodies against GFP to visualize cells in which
in. Single optical section; Scale bar ¼200 mm. (G–I) Magniﬁed view of DCN/granule
ted. Scale bar ¼100 mm.
Fig. 3. Comparison of Bhlhb5::ﬂpo and Bhlhb5::cre alleles. (A) Strategy to compare the recombination from Bhlhb5::ﬂpo and Bhlhb5::cre alleles using the RCE family of
reporters. The RCE::dual allele contains both FRT-ﬂanked and LoxP-ﬂanked stop sequences. Upon cre-mediated removal of a stop sequence, a Flp-dependent reporter is
generated (RCE::FRT) that can be used to visualize recombination from the Bhlhb5::ﬂpo allele. Alternatively, upon Flp-mediated removal of a stop cassette in the RCE::dual
allele, a cre-dependent reporter is generated (RCE::LoxP) that can be used to visualize recombination from the Bhlhb5::cre allele. (B) Coronal sections of Bhlhb5::ﬂpo; RCE::FRT
mice at P12 immunostained for GFP reveals restricted recombination a subset of cells in the DCN. Scale bar ¼100 mm (C) Coronal sections of adult Bhlhb5::cre; RCE::LoxPmice
at P12 immunostained for GFP reveals widespread recombination throughout the DCN. Scale bar ¼100 mm (D-E) Sagittal sections from mice at P12 showing GFP expression
in DCN and cerebellum from Bhlhb5::ﬂpo; RCE::FRT (E) and Bhlhb5::cre; RCE::LoxP (F) mice. Scale bar ¼200 mm. (F-G) Transverse sections showing GFP expression in the
lumbar spinal cord from adult Bhlhb5::ﬂpo; RCE::FRT (F) and Bhlhb5::cre; RCE::LoxP (G) mice. Scale bar ¼100 mm.
X. Cai et al. / Developmental Biology 414 (2016) 149–160154posteroventral regions of the cochlear nucleus (Fig. S2). Co-stain-
ing of these sections with Bhlhb5-directed antibodies revealed
that many Bhlhb5-expressing cells show eGFP expression and,
conversely, that the vast majority of eGFP-positive cells co-express
Bhlhb5.
Because the Bhlhb5::cre and Bhlhb5::ﬂpo alleles are identical in
design except that they express different recombinases, these al-
leles gave us the opportunity to directly compare Cre and Flpo
activity in mice. Flpo is known to be somewhat less efﬁcient than
Cre, and so it seemed likely that these two alleles would cause
somewhat different recombination patterns (Dymecki et al., 2010).
For a fair comparison, it was important to analyze recombination
activity—at least to the extent possible—using the same reporter.
Thus, we utilized two derivative versions of the RCE allele (Sousa
et al., 2009). Speciﬁcally, we began with a dual responsive reporter
(RCE::dual), and then converted it to make it either responsive to
Flp alone (RCE::FRT) or responsive to Cre alone (RCE::LoxP) via
germline removal of one of the two stop cassettes (Fig. 3A).
Thereafter, the activity of the Bhlhb5::ﬂpo allele was analyzed
using the RCE::FRT reporter, whereas the activity of the Bhlhb5::cre
allele was analyzed using the RCE::LoxP reporter. These experi-
ments revealed that the Bhlhb5::ﬂpo allele consistently shows
more restricted expression than the Bhlhb5::cre allele (Fig. 3B-G).
For instance, the Bhlhb5::ﬂpo allele causes recombination in a
subset of neurons in the DCN and cerebellum, whereas theBhlhb5::cre allele causes recombination in virtually all cells of
these regions (Fig. 3B-E). Similarly, in the spinal cord, more se-
lective GFP expression is observed following Flpo-mediated re-
combination relative to that observed with Cre (Fig. 3F and G).
Thus, the pattern of recombination that we observed using these
two alleles suggested that Cre appears to cause recombination in
all of the neurons that have ever expressed Bhlhb5. In contrast, the
Flpo allele appears to cause recombination in neurons that show
persistent expression of Bhlhb5. These data clearly illustrate that
Flpo is signiﬁcantly less active than Cre in mammalian cells. As a
result, this allele generally marks cells in which the expression of
the Bhlhb5 gene is prolonged.
Intersectional genetic approaches give us a way to label subsets
of neurons that express two different genes of interest. With the
Bhlhb5::ﬂpo tool in hand, we were now positioned to test the
feasibility of using this strategy to label subsets of Bhlhb5-ex-
pressing neurons. Here, we coupled the Ptf1a::cre allele, which is
selective to inhibitory neurons (Fujiyama et al., 2009), to the
Bhlhb5::ﬂpo allele in order to selectively label the inhibitory subset
of Bhlhb5-expressing cells in the DCN. This allowed us to compare
the recombination pattern using RCE reporters that were either
singly responsive (i.e., to Bhlhb5::ﬂpo; Fig. 4A) or dually responsive
(i.e., to Bhlhb5::ﬂpo and Ptf1a::cre; Fig. 4J). Using this strategy, we
found that the Bhlhb5::ﬂpo allele caused eGFP expression in at
least two cell types. The ﬁrst are medium-sized, Pax2-positive
Fig. 4. Dual intersectional strategy distinguishes subpopulations of Bhlhb5-expressing cells: cartwheel and unipolar brush neurons. (A) Schematic illustrating the use of the
Bhlhb5::ﬂpo with RCE::FRT to label Bhlhb5-expressing neurons. (B-I) Coronal sections of the DCN from an adult Bhlhb5::ﬂpo; RCE::FRTmouse immunostained with antibodies
against GFP, Pax2, parvalbumin (PV), or Tbr2, as indicated. (J) Schematic illustrating the use of Bhlhb5::ﬂpo, Ptf1a::cre and RCE::dual to label a population of neurons at the
genetic intersection, namely the inhibitory subset of Bhlhb5-expressing neurons. (L-R) Coronal sections of the DCN from an adult Ptf1a::cre; Bhlhb5::ﬂpo; RCE::dual mouse
immunostained with antibodies against GFP, Pax2, parvalbumin (PV), or Tbr2, as indicated. (S-U) Coronal sections of the DCN from an adult Bhlhb5::ﬂpo; RCE::FRT mouse
immunostained with antibodies against GFP, CamKIIα, as indicated. Images are single confocal optical plane of coronal sections from six- to eight-week old mice. Arrowheads
and arrows indicate examples of double-labeled inhibitory and excitatory neurons, respectively. Scale bars: B, K¼200 mm; all others ¼50 mm.
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Fig. 5. Mice lacking Bhlhb5 show a reduced cell number in the DCN. (A and B) Coronal sections from adult mice showing the DCN in control (Bhlhb5ﬂpo/þ; RCE::FRT) or Bhlhb5
mutant (Bhlhb5ﬂpo/-; RCE::FRT) mice stained with Hoechst to mark nuclei. (C) Quantiﬁcation of (A–B) showing a signiﬁcant reduction in the total cell number in the dorsal
cochlear nucleus in Bhlhb5 mutant mice relative to controls. (D-F) Immunostaining (D,E) and quantiﬁcation (F) of NeuN-positive neurons in the DCN showing a signiﬁcant
loss of neurons in Bhlhb5mutant mice relative to controls. (G-I) Immunostaining (G-H) and quantiﬁcation (I) of GFP-expressing neurons, again showing a signiﬁcant decrease
in the absence of Bhlhb5. Representative confocal optical sections are shown. Scale bar ¼200 mm. For quantiﬁcation, n¼4 pairs of control/mutant littermates. Data are
presented as meanþSEM and * indicates a signiﬁcant difference relative to controls (Po0.05, t-test). All quantiﬁcation was conducted blind to genotype.
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fusiform cell and the molecular layers and that co-express par-
valbumin (Fig. 4B-F); arrowheads). In addition, we found a popu-
lation of small neurons that are found predominantly in thefusiform and deep layers that lack both Pax2 and parvalbumin
expression (Fig. 4B-F); arrows). However, these small neurons co-
express Tbr2 (Fig. 4G-I; arrows), a marker of unipolar brush cells
(Dino and Mugnaini, 2008).
Fig. 6. Pax2-, Tbr2- and CamKIIα-expressing neurons are reduced in the DCN of Bhlhb5 mutant mice. (A-B) Coronal sections from mice at P8 showing the DCN in control
(Bhlhb5ﬂpo/þ ; RCE::FRT) or Bhlhb5 mutant (Bhlhb5ﬂpo/-; RCE::FRT) mice stained with antibodies to Pax2. (C) Quantiﬁcation of (A–B) showing a signiﬁcant reduction in the
number of Pax2-expressing cells in the dorsal cochlear nucleus in Bhlhb5mutant mice relative to controls. (D-F) Immunostaining (D, E) and quantiﬁcation (F) of Tbr2-positive
neurons in the DCN of P16 mice showing a signiﬁcant loss of neurons in Bhlhb5 mutant mice relative to controls. (G–I) Immunostaining (G-H) and quantiﬁcation (I) of
CamKIIα-expressing neurons, again showing a signiﬁcant decrease in the absence of Bhlhb5. Representative confocal optical sections are shown. Scale bar ¼200 mm. For
quantiﬁcation, n¼34 DCN from control/mutant littermate pairs. Data are presented as meanþSEM and * indicates a signiﬁcant difference relative to controls (Po0.05, t-
test). All counts were conducted blind to genotype.
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sectional genetic strategy to label the inhibitory subset of Bhlhb5-
expressing neurons selectively (Fig. 4J and K), we found that all
GFP positive neurons expressed Pax2 and parvalbumin (Fig. 4L-O);arrowheads) and the recombined cells no longer included Tbr2-
expressing neurons (Fig. 4P-R); arrows). Finally, to conﬁrm that
the inhibitory subset of Bhlhb5-expressing neurons consists pre-
dominantly of cartwheel cells, we co-stained sections from mice
Fig. 7. Bhlhb5 and Bhlhb5::ﬂpomark subsets of neurons in the retina and the nucleus of the lateral olfactory tract. (A-C) Transverse sections from retina of Bhlhb5::ﬂpo; RCE::
FRT that are co-stained with antibodies to Bhlhb5 (red) and GFP (green). Scale ¼50 mm (D–F) Sagittal sections of the brain of Bhlhb5::ﬂpo; RCE::FRT mouse at P8 showing the
nucleus of the lateral olfactory tract (NLOT) stained with antibodies to Bhlhb5 (red) and GFP (green). Scale bar ¼50 mm.
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(Ochiishi et al., 1998; Takaoka et al., 2005) and found that the
majority of cartwheel cells were recombined by the Bhlhb5::ﬂpo
allele (Fig. 4S-U). Together, these ﬁndings indicate that the
Bhlhb5::ﬂpo allele labels inhibitory cartwheel cells as well as ex-
citatory unipolar brush cells. In addition, our studies illustrate that
the Bhlhb5::ﬂpo allele together with genetic intersectional strate-
gies can be used to target a speciﬁc subsets of Bhlhb5-expressing
cells in the DCN.
Given that Bhlhb5 shows prolonged expression in the DCN, we
hypothesized that this transcription factor may play a key role in
the development of this nucleus. To investigate this idea, we used
immunohistochemical and fate-mapping approaches to compare
the DCN in control and Bhlhb5 mutant mice. Upon loss of Bhlhb5,
we observed a dramatic reduction of the DCN, which showed a
50% reduction in total cell number (Fig. 5A-C). This cell loss could
be almost completely accounted for by the ﬁnding that Bhlhb5
mutant mice showed an 80% decrease in the number of NeuN po-
sitive neurons (Fig. 5D-F). Approximately 20% of neurons in the DCN
are genetically labeled using the Bhlhb5::ﬂpo allele, and these
neurons also showed a signiﬁcant decrease in total number in the
DCN of Bhlhb5 mutant mice (Figs. 5G-I and S3). In contrast, there
was no obvious defect in the AVCN or the PVCN, which appeared
grossly normal in size (Fig. S3). Thus, immunohistochemical and
fate-mapping studies reveal an essential role for Bhlhb5 for the
proper development of the DCN.
To gain further insight into the timing of cell loss in the DCN of
mice that lack Bhlhb5, we compared the expression of genetically
marked cells in control and Bhlhb5 mutant littermates at a varietyof developmental time points (E14.5, P0, P8 and P16). A clear loss
of genetically labeled cells in the DCN of Bhlhb5 mutant mice was
not observed during embryonic development or at birth. In con-
trast, by P8 the cell loss in the Bhlhb5mutant mice was evident. To
address which speciﬁc cell types are lost in the absence of Bhlhb5,
we performed immunostaining with cell-type speciﬁc markers at
P8 and P16. These experiments revealed a signiﬁcant decrease in
Pax2-, Tbr2-, and CamKIIα-expressing neurons in the DCN of
Bhlhb5 mutant mice relative to control littermates (Figs. 6 and S4).
Together these ﬁndings suggest that a large fraction of Bhlhb5-
expressing cells die in the absence of this transcription factor, in-
cluding the majority of unipolar brush cells and cartwheel cells.
The DCN is where auditory information is ﬁrst processed and
integrated (Oertel and Young, 2004). In this regard, it is note-
worthy that Bhlhb5 also shows prolonged expression in many
other regions of the nervous system that have an analogous role in
information integration. For instance, Bhlhb5 shows prolonged
expression in spinal cord interneurons that are involved in in-
tegrating somatosensory input (Ross et al., 2010; Kardon et al.,
2014). We also ﬁnd that Bhlhb5 shows persistent expression in
particular subtypes of bipolar and amacrine cells in the retina
(Fig. 7A), which are involved in processing visual input, as well as
in neurons of the nucleus of the lateral olfactory tract (Fig. 7B),
which are involved in integrating olfactory input. Importantly, the
Bhlhb5::ﬂpo allele labels the Bhlhb5-expressing neurons in these
structures (Figs. 7B and 6F), and may therefore be a useful tool in
the study of a variety of types of sensory integration.
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Here we uncover an essential requirement for Bhlhb5 in the
development of the DCN, and show that there is dramatic cell loss
in mice that lack this transcription factor. In addition, we char-
acterize the Bhlhb5::ﬂpo knock-in allele, which genetically labels a
subset of Bhlhb5-expressing cells, likely those that show persistent
expression of Bhlhb5. Through a direct comparison of the re-
combination efﬁciencies, we provide clear evidence that Flpo is
less active than Cre in mammalian cells. In addition, we provide
proof of concept that the Bhlhb5::ﬂpo allele can be coupled with
Cre alleles to label subsets of Bhlhb5-expressing neurons. This tool
may be useful not only in the DCN but also in the retina and nu-
cleus of the lateral olfactory tract, three regions of the nervous
system that are involved in sensory integration.
One of the interesting aspects of our study is that we are able to
compare Cre and Flpo activities. To our knowledge, this is the ﬁrst
direct comparison between Cre and Flpo alleles that are expressed
from the same genetic locus. We ﬁnd that the Bhlhb5::cre allele
and the Bhlhb5::ﬂpo allele show distinct patterns of recombina-
tion, likely due to the fact that Cre is a very active enzyme in
mammalian cells, whereas Flpo is signiﬁcantly less active (Dy-
mecki et al., 2010). As a result, the Bhlhb5::cre allele appears to
label all cells that have ever expressed Bhlhb5, even if the ex-
pression is low and/or transient, while the Bhlhb5::ﬂpo allele
mainly appears to label cells that show high expression of Bhlhb5
over an extended period. Consistent with this idea, in regions of
the nervous system such as the retina, which continue to express
Bhlhb5 throughout the life of the animal, we eventually get almost
complete recombination within the Bhlhb5-expressing population.
In contrast, we see only moderate recombination in the DCN,
where Bhlhb5 is expressed for approximately three weeks. In
particular, just 20% of neurons become recombined with the
Bhlhb5::ﬂpo allele in the DCN despite the fact that approximately
40% of neurons transiently express this transcription factor at E14.
Intriguingly, the majority of recombined cells appear to be one of
two cell types: cartwheel and unipolar brush cells, hinting at a
particularly important role for Bhlhb5 in these cells.
Our study reveals that Bhlhb5 has a widespread role for the
survival of cells in the DCN, since a large proportion of cells (50%
of total) are missing in the Bhlhb5mutant mouse. At this stage, it is
not possible to determine whether this effect is entirely due to a
cell autonomous requirement for Bhlhb5, or whether cells that do
not express this transcription factor are also affected by its ab-
sence. In any event, we speculate that auditory information is
aberrantly integrated in Bhlhb5 mutant mice, given the degree of
cell loss that is observed. In this regard, it is noteworthy to con-
sider that Bhlhb5 mutant mice develop abnormally elevated itch
due to loss of inhibitory neurons in the dorsal spinal cord (Ross
et al., 2010; Kardon et al., 2014). Whether these mice also develop
tinnitus due to loss of inhibitory neurons in the DCN is an inter-
esting question to be addressed in future studies.
Although our study is focused on the DCN, we ﬁnd that Bhlhb5
shows persistent expression in several areas of the nervous system
that are necessary for sensory processing and integration. For in-
stance, Bhlhb5 is required for the survival of B5-I neurons in the
spinal cord that function to inhibit itch (Ross et al., 2010; Kardon
et al., 2014). This transcription factor is also required for the sur-
vival of type II cone bipolar cells and a subset of amacrine cells in
the retina (Feng et al., 2006). Here, we show that Bhlhb5 is re-
quired for the survival of neurons in the DCN, and we reveal that
this transcription factor also expressed in the nucleus of the ol-
factory tract (NLOT), a nucleus that integrates olfactory input.
These observations raise the possibility that Bhlhb5 plays a con-
served function in differentiation of neurons that are involved in
sensory integration.Acknowledgements
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